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Introduction; Carbamazepine (CBZ) is an Active Pharmaceutical Ingredient (API) used in the treatment of epilepsy. As a relatively simple molecule with a non-polar backbone and a single amide functionality, it has been widely studied by those interested in solid-form generation and the selection of APIs. Although extensive, this work has concentrated largely on CBZ polymorphs and on cocrystal or solvate forms where CBZ is accompanied in the solid by neutral coformers. [1] [2] [3] [4] [5] [6] [7] A much smaller body of work exists on other classes of solid-state forms. Ionic cocrystalline (ICC) forms of CBZ with NH4, OH3 and Na cations have been structurally described, [12] [13] [14] as, recently, have salt forms which feature protonation of CBZ at the amide O atom. [14] [15] [16] These ICC and salt forms are interesting as they can and do exhibit different intermolecular bonding types and supramolecular synthons from those hydrogen bonding motifs that are well described in, and common to, CBZ polymorphs and cocrystals. The ICC compounds do however seem to retain the non-polar supramolecular constructs first described by
Gelbrich and Hursthouse. [17] This change in intermolecular bonding may in turn result in useful differences in material properties. [13-15, 18,19] Salt forms of CBZ are also of interest simply because of the amide group acting as a Brønsted base. Many chemists assume that amide groups will not protonate under normally accessible conditions, and indeed CBZ itself has been used as a model "non-ionisable" API. [20, 21] However, although relatively rarely reported, salt forms of amides are accessible and isolatable in the solid as is shown by the elucidation of the crystal structures of salt forms of CBZ and of other amide species.
[22]
Perumalla and Sun's original preparation of the salt [CBZ(H)][Cl] utilised in-situ
generation of HCl in non-aqueous solvents. [15] Similarly our own extension of this work to multiple phases of both CBZ hydrochloride and hydrobromide was based upon water free conditions and in-situ generation of HX. [14] The original Perumalla and Sun work specified that this approach with non-aqueous conditions was necessary as H + generated in organic solution was more active than the solvated species (e.g. H3O + ) that would be generated when using water as a solvent. Furthermore, with respect to aqueous acids, it was reported that "Attempts for synthesizing hydrochloride salt of CBZ, following the common salt formation approach, using even concentrated hydrochloride acid invariably led to the isolation of CBZ dihydrate". [15] Later reports have led us to reinvestigate the use of aqueous acids. [16] Thus protonation of CBZ seems to be possible with species that have pKa values that are higher than would be expected for say concentrated aqueous HCl.
Finally, whilst our own work showed that adding drops of water to solid [CBZ(H)][Cl] did indeed lead to a reversion to CBZ dihydrate, [14] it also showed that slow addition of water to [14] Reported herein is a structural investigation of salt and ICC forms of CBZ derived from reactions of CBZ with strong aqueous acids.
Experimental; Single crystal X-ray diffraction (SXD) measurements were performed at 123(2)
K using Oxford Diffraction instruments and 0.71073 Å radiation. Structural refinements with all unique reflections and against F 2 to convergence were performed using programs from the SHELX suite. [23] Hydrogen atoms bound to carbon were placed in idealized positions and refined in riding modes. Where possible, H atoms bound to nitrogen or oxygen were placed as found in Powder X-ray diffraction (PXRD) measurements were performed using a Bruker D8-Advance diffractometer equipped with a LynxEye detector and operating in transmission capillary mode using Cu Ka1 incident radiation, 1.54056 Å. Samples were filled into 0.7 mm borosilicate glass capillaries and data collected using a step size of 0.017° 2 . Data were analysed using TOPAS. [24] Diffraction patterns are given in the Electronic Supplementary Information.
FTIR measurements were made on crushed, solid samples and with an A2 Technologies ATR instrument. [14] 0.242 g (1.02 mmol) of CBZ was dissolved in 4 ml of ethanol. The solution was heated in a water bath until the CBZ had dissolved. Once the solution had cooled to room temperature, 2 ml of concentrated hydrochloric acid was slowly added. The test tube was then sealed with parafilm.
Small holes were made in the parafilm to aid evaporation. Crystals formed over a period of a few days. SXD analysis showed that these were 
Reactions of CBZ with Aqueous

Synthesis of [CBZ(H)][O3SC6H4(OH)]
.0.5H2O; CBZ (0.202 g, 0.85 mmol) was added to a beaker containing 2.5 ml of aqueous 4-hydroxybenzosulfonic acid (65 %). The slurry was stirred and heated until the CBZ was fully dissolved. The clear solution was then poured into a small test tube wrapped in foil and covered with parafilm. Small holes were pierced in the film to allow evaporation to occur. After several days, crystals precipitated and were analyzed by SXD.
Synthesis of [CBZ(H)][O3SC6H5]
; 0.20 g (0.85 mmol) of CBZ was dissolved with heating in 3 ml of methanol. The solution was allowed to cool to room temperature and then 1 ml of the aqueous solution formed by deliquescence of benzenesulfonic acid was slowly added. Slow evaporation produced crystals within 1 week. These were analyzed by SXD. . [14] As it contains only neutral CBZ, this last phase can best be described as an ICC phase rather than as a true salt form of CBZ. [13] Our initial attempts to form salt forms of CBZ using aqueous acids simply involved adding concentrated strong acids (HCl, HBr, HI and HBF4) to solid CBZ. Despite heating there was no apparent dissolution of the CBZ nor was there any other visually apparent change. It is possible that the lack of apparent dissolution and of any other visual change contributed to the previous assertion that no reaction takes place under such conditions. [15] However, on recovering the solid powders from the acidic slurries, investigation by IR spectroscopy showed that the recovered materials were neither CBZ nor its dihydrate. For detail of the differences between CBZ and .H2O, [14] suggesting that a new hydrated CBZ hydrochloride phase isostructural to that of the hydrobromide has been identified, see Figure 1 . A third ionic form containing CBZ was also isolated from the same reaction. Evaporation of the remaining aqueous acid to dryness gave a small number of crystals suitable for SXD. These were shown to be the known hydronium species, [CBZ]2[H3O] [Cl] . [14] Low aqueous solubility of CBZ and its ionic forms is an experimental hindrance here. In an attempt to form larger crystals of the new hydrochloride hydrate phase for SXD study, an ethanol solution of CBZ was prepared and concentrated aqueous HCl added to this. This approach did give large crystals, but these were not the desired hydrate phase. Instead they were also identified as the hydronium species,
Synthesis of [CBZ(H)][O3SC6H3(OH)(COOH)
. [14] Reaction of CBZ with concentrated aqueous HBr followed a similar pattern to the equivalent reaction with HCl. The bulk of the CBZ appeared not to dissolve but analysis of the recovered powder by PXRD (following a similar Pawley and Rietveld-based approach to that already detailed for the HCl product; data range 5-65 2) showed it to be composed of 90% Here an ICC species has been formed with the final product containing neutral CBZ molecules, cationic acridinium and a polyiodide array that can be best rationalized as one I3 anion and 2.5 neutral I2 molecules per CBZ. The structures of the somewhat related ICC species CBZ.
[NH4][X], X = Cl and Br have previously been described. [12, 13] Acridine may seem like a surprising inclusion, but it is a well known metabolite of CBZ and is produced by decomposition of CBZ under a variety of chemical and biological conditions. [25] [26] [27] It has also previously been trapped during the crystallization of CBZ in the presence of NaI and HBr as the ICC complex
. [13] The fibrous crystals of CBZ. certain. Supporting this is the previous identification of hydronium ion ICC species found on reaction of aqueous HCl with CBZ (above) and after reaction of in situ generated HCl with the CBZ congener cytenamide. [14] Furthermore the presence of (partial) BF4 is certain from both IR and SXD evidence and charge balance thus requires a cation to be present in the structure. Both molecular and intramolecular structural features also support a firm identification as a hydronium species. In more detail, protonation of CBZ has been shown to cause characteristic lengthening of the amide C=O bond accompanied by shortening of the C-N bonds. [14, 16] Such bond length effects are absent here, see Table 2 for details. Finally, the supramolecular structures of neutral CBZ containing forms have received much attention and they are known to commonly contain either homodimeric hydrogen bonded pairs, or polymeric hydrogen bonded chains of CBZ molecules, or heterodimer hydrogen bonded pairs formed between CBZ and a suitable coformer such as a carboxylic acid. [4, 7, 17] In the structure of CBZ. a Average values from 47 non-disordered, well modeled, SXD determined molecules present in the CSD. [28] b Range of values found for the 5 forms described as being solely of salt character in references 14 and 16.
C=O (Å) C-NH2 (Å) C-Nring (Å)
The orange crystals isolated from the same reaction of CBZ and HBF4 do contain protonated CBZ ions, but they also contain neutral CBZ molecules and have formula
.0.5H2O. This is the first structurally characterized species known to contain crystallographically discrete CBZ and CBZ(H) fragments. Note though that the CF3COO and hydrobromide hydrate salts of CBZ have been described as species that feature dynamic equilibria that imply the existence of CBZ and CBZ(H) on the same (disordered) sites. [14, 16] The C=O and C-N bond lengths of the CBZ and CBZ(H) fragments are clearly different from each other ( Table 2) structures the O atom of the CBZ amide group is protonated and this gives rise to the expected changes in C=O and C-N bond lengths, Table 2 . The two anhydrous species both form R2,2 (8) hydrogen bonded heterodimers as shown in Figure 6 . This is the same motif seen in the anhydrous MeSO3 salt, [16] and is equivalent to the R2,2(8) hydrogen bonded heterodimers commonly described for CBZ cocrystals with carboxylic acids, [7] but with the obvious difference that here the acidic proton is placed on CBZ rather than on the acid coformer. In the benzenesulfonate, the N-H moiety not used in dimer formation donates a hydrogen bond to the same sulfonate O atom that takes part in the O-H…O interaction. These interactions combine to
give a one dimensional hydrogen bonded chain that propagates parallel to the crystallographic c direction, see Figure 7 . The chains pack so as to give alternate layers of cations and anions each parallel to the bc plane. In the ethane disulfonate the second NH atom also donates a hydrogen bond to a sulfonate O atom but here this forms a pair of heterodimers rather than a polymer with 
